Tourette syndrome (TS) is characterized by presence of chronic, fluctuating motor and phonic tics. The underlying neurobiological basis for these movements is hypothesized to involve cortical-striatal-thalamo-cortical (CSTC) pathways. Two major neurotransmitters within these circuits are γ-aminobutyric acid (GABA) and glutamate. Seventy-five participants (32 with TS, 43 controls) ages 5-12 years completed 1 H MRS at 7 T. GABA and glutamate were measured in dorsolateral prefrontal cortex (DLPFC), ventromedial prefrontal cortex (VMPFC), premotor cortex (PMC), and striatum, and metabolites quantified using LCModel. Participants also completed neuropsychological assessment emphasizing inhibitory control. Scans were well tolerated by participants. Across ROIs combined, glutamate was significantly higher in the TS group, compared to controls, with no significant group differences in GABA observed. ROI analyses revealed significantly increased PMC glutamate in the TS group. Among children with TS, increased PMC glutamate was associated with improved selective motor inhibition; however, no significant associations were identified between levels of glutamate or GABA and tic severity. The dopaminergic system has long been considered to have a dominant role in TS. Accumulating evidence, however, suggests involvement of other neurotransmitter systems. Data obtained using 1 H MRS at 7 T supports alteration of glutamate within habitual behavior-related CSTC pathways of children with TS.
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Introduction

Tics as habitual behaviors
Tourette syndrome (TS), a common disorder with onset typically in the developmental period (i.e., by age 18 years), is characterized by presence of chronic, fluctuating, motor and phonic tics. Tics, the hallmark of the TS, are abrupt, rapid, repetitive, non-rhythmic, simple or complex motor movements or phonic productions (Singer, 2011) . Tics have been classified as habits (Delorme et al., 2016a (Delorme et al., , 2016b Singer, 2016) based on their being sudden, rapid, involuntary, non-rhythmic, and repetitive movements or vocalizations that are exacerbated by sensory stimuli, are performed without apparent gain, and are unrelated to a clear outcome. Supporting clinical information includes findings that TS patients have enhanced reward learning (considered to underlie habitual responses), and the observation that unmedicated adults with TS have enhanced habit formation (Delorme et al., 2016a (Delorme et al., , 2016b .
Available evidence also supports involvement of cortico-striatalthalamo-cortical (CSTC) circuits and their interconnecting brain regions in the pathophysiology of tics (Felling and Singer, 2011) . In human and rodent studies, presence of distinct, cortical-striatal pathways for habitual actions (premotor/supplemental motor area to putamen) and flexible goal-directed behaviors (ventromedial prefrontal to caudate) has been established ( Fig. 1) (Balleine and O'Doherty, 2010; de Wit et al., 2012a de Wit et al., , 2012b Tanaka et al., 2008; Tricomi et al., 2009) . Several neurotransmitters, including dopamine, GABA and glutamate, play an important role within CSTC circuitry and have been proposed to have roles in both habitual behavior formation and in the pathophysiology of tics (Gasbarri et al., 2014; Singer, 2016) .
GABA in TS
GABA is the primary neurotransmitter of striatal medium sized spiny neurons and interneurons located within both the striatum and 
